Introduction {#Sec1}
============

The value of the strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ is a dominant source of uncertainty in the computation of several LHC processes. This uncertainty is often combined with that on parton distributions (PDFs), with which it is strongly correlated. However, while PDF uncertainties have reduced considerably over the years, as it is clear for example by comparing the 2012 \[[@CR1]\] and 2015 \[[@CR2]\] PDF4LHC recommendations, the uncertainty on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ PDG average \[[@CR3]\] remains substantially unchanged since 2010 \[[@CR4]\]. As a consequence, the uncertainty on $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ is now the dominant source of uncertainty for several Higgs boson production cross-sections \[[@CR5]\].

Possibly the cleanest \[[@CR6], [@CR7]\] determinations of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ come from processes that do not require a knowledge of the PDFs, such as the global electroweak fit \[[@CR8]\]. These are free from the need to control all sources of bias which may affect the PDF determination and contaminate the resulting $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ value. A determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ jointly with the PDFs, however, has the advantage that it is driven by the combination of a large number of experimental measurements from several different processes. This is advantageous because possible sources of uncertainties related to specific measurements, either of theoretical or experimental origin, are mostly uncorrelated amongst each other and will average out to some extent in the final $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ result. In addition to the above, the simultaneous global fit of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ and the PDFs is likely to be more precise and possibly also more accurate than individual determinations based on pre-existing PDF sets, many of which have recently appeared \[[@CR9]--[@CR15]\]. This is due to the fact that it fully exploits the information contained in the global dataset while accounting for the correlation of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ with the underlying PDFs.Fig. 1Comparison between the standard deviation of a pair of correlated variables $\documentclass[12pt]{minimal}
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                \begin{document}$$(\alpha _s,\theta )$$\end{document}$ and the one-sigma range for the variable $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ along the best-fit line of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta $$\end{document}$. The best fit is denoted as $\documentclass[12pt]{minimal}
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                \begin{document}$$(\hat{\alpha }_s,\hat{\theta })$$\end{document}$ and the ellipse is the one-sigma contour about it. The standard deviations on $\documentclass[12pt]{minimal}
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                \begin{document}$$(\sigma _{\alpha },\sigma _\theta )$$\end{document}$, while $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{old}$$\end{document}$ is the one-sigma interval for $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta =\hat{\theta }$$\end{document}$

Here we present a determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ which exploits the most recent PDFs obtained with the NNPDF methodology, namely NNPDF3.1 \[[@CR16]\]. This updates a previous determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ \[[@CR17], [@CR18]\] based on NNPDF2.1 \[[@CR19], [@CR20]\]. In comparison to this previous PDF set, NNPDF3.1 represents a substantial improvement both in terms of input dataset, theoretical calculations, and fitting methodology. Specifically, NNPDF3.1 is the first PDF set to make such an extensive use of LHC data as to be dominated by them. It is in fact the first global analysis to simultaneously use differential top, inclusive jet, and *Z* $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$ distribution data, all using exact NNLO theory. Indeed, typical PDF uncertainties are of order of one to three percent in the data region for NNPDF3.1, about a factor two smaller than they were for NNPDF2.1.

This greater precision in the PDF determination requires a corresponding improvement in the methodology used for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ extraction. In our previous work \[[@CR17], [@CR18]\], PDF replicas were determined for a number of fixed values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$, which was then extracted from the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ profile versus $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ of the best fit PDF, obtained as an average over the replicas. Here instead, both $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ and PDFs are determined from a simultaneous minimization in their combined parameter space. As we will discuss below, this new method corresponds roughly to determining the value and uncertainty on $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ from the error ellipse of the multivariate measurement in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\left( \alpha _s, \mathrm{PDF}\right) $$\end{document}$ hyperspace, and the old method corresponds to performing a scan of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ along the best-fit PDF line, see Fig. [1](#Fig1){ref-type="fig"} for a schematic illustration. In a situation when the variables are highly correlated, especially if the semi-axes of the ellipse are of very different length, the procedure used in our previous work might lead to an underestimate of the uncertainty in $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$. Hence the new procedure becomes very relevant, now that some PDF uncertainties are rather small.

It turns out that the implementation of this simultaneous minimization within the NNPDF methodology is nontrivial: it requires the development of a suitable generalization of the standard NNPDF approach, which we call the correlated replica method. Using this strategy, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ can be treated like any other quantity that depends on the PDFs. In particular, its central value and uncertainty can be determined by performing statistics over a replica sample. This means that, for example, the uncertainty on $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ is the standard deviation of an ensemble of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ values. As we shall see, this allows for a determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ with small experimental uncertainties, and negligible methodological uncertainties. Having reduced very much the size of all other uncertainties, the problem of accurately estimating theoretical uncertainties becomes quite serious. This is specifically problematic in the case of missing higher-order uncertainties (MHOUs), for which no fully satisfactory method has been developed. Here we will conservatively estimate the theoretical uncertainty due to missing higher order QCD corrections (N$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$LO and beyond) from half the shift between the NLO and NNLO $\documentclass[12pt]{minimal}
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This paper consists of two main parts. First, in Sect. [2](#Sec2){ref-type="sec"} we present the correlated replica method used for the determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$, explain how it is used to estimate the associated PDF uncertainties, and compare it with the method used in previous NNPDF determinations. Then, in Sect. [3](#Sec5){ref-type="sec"} we present our determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ at NLO and NNLO together with a careful assessment of all sources of uncertainty. Possible future developments are briefly outlined in Sect. [4](#Sec10){ref-type="sec"}.

The correlated Monte Carlo replica method {#Sec2}
=========================================

As discussed in the introduction, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ determination presented here differs from our previous one \[[@CR17], [@CR18]\] because now the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ and its uncertainty are determined from a correlated fit together with the PDFs. After briefly summarizing the main aspects of the NNPDF methodology and the way it was used to determine $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ in Ref. \[[@CR17], [@CR18]\], we describe the main idea of the new method, and then discuss the details of its implementation. Only the salient aspects of the NNPDF methodology will be recalled here; the reader is referred to the original literature (see Ref. \[[@CR16]\], of which we follow the notation, and references therein) and recent reviews \[[@CR2], [@CR21], [@CR22]\] for a more detailed discussion.

General strategy {#Sec3}
----------------

The NNPDF fitting methodology is based on constructing a Monte Carlo representation of the original data sample consisting of pseudodata (Monte Carlo replicas of the original data), and fitting PDF replicas to these data replicas. Specifically, starting with an $\documentclass[12pt]{minimal}
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                \begin{document}$$N_\mathrm{dat}$$\end{document}$-component vector of experimental points *D* with components $\documentclass[12pt]{minimal}
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                \begin{document}$$N_\mathrm {rep}$$\end{document}$ replicas $\documentclass[12pt]{minimal}
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                \begin{document}$$ D^{(k)}$$\end{document}$ of the data is generated by means of:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} D_i^{(k)}= & {} \left( 1 + r_i^{\mathrm{nor},k} \sigma _i^\mathrm{nor}\right) \nonumber \\&\times \left( D_i + \sum _{p=1}^{N_\mathrm{sys}} r_{i,p}^{\mathrm{sys},k} \sigma ^\mathrm{sys}_{i,p} + r_i^{\mathrm{stat},k} \sigma ^\mathrm{stat}_i\right) ,\nonumber \\&\quad i=1,\ldots ,N_\mathrm{dat}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _i^\mathrm{stat}$$\end{document}$ are normalization, systematic and statistical uncertainties, and $\documentclass[12pt]{minimal}
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                \begin{document}$$r_i$$\end{document}$ are random numbers such that statistics over the replica sample reproduces the original statistical properties of the data in the limit of large $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \lim _{N_\mathrm{rep}\rightarrow \infty } \mathrm {cov}\left( D_i D_j\right) =C_{ij}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {cov}$$\end{document}$ denotes the covariance over the replica sample and $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{ij}$$\end{document}$ is the full experimental covariance matrix of the data.

A PDF replica is then fitted to each data replica $\documentclass[12pt]{minimal}
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                \begin{document}$$ D^{(k)}$$\end{document}$. In the NNPDF approach, PDFs are parametrized using neural networks, in turn specified by a vector of parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta $$\end{document}$. In the most recent NNPDF3.1 analysis, this vector $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta $$\end{document}$ has 296 components, corresponding to 37 parameters for eight neural networks (for the up, antiup, down, antidown, strange, antistrange, total charm and gluon PDFs). Thus, for each data replica $\documentclass[12pt]{minimal}
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                \begin{document}$$ D^{(k)}$$\end{document}$ a best-fit $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta ^{(k)}$$\end{document}$ is found by minimizing a figure of merit characterizing the agreement between theory and data:$$\documentclass[12pt]{minimal}
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                \begin{document}$$T_{i}[\theta ]$$\end{document}$ is the theoretical prediction for the *i*th datapoint, dependent on the set of parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{t_0}$$\end{document}$ is the covariance matrix used in the fit. Recall that in the presence of multiplicative uncertainties, $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{t_0}$$\end{document}$ cannot be directly identified with the experimental covariance matrix *C* used for pseudodata generation Eq. ([2.1](#Equ1){ref-type=""}) lest the fit be biased \[[@CR23]\], and must thus be constructed instead using a suitable procedure such as the $\documentclass[12pt]{minimal}
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                \begin{document}$$t_0$$\end{document}$ method \[[@CR24]\] (see also \[[@CR25]\]).

A peculiarity of the NNPDF approach is that the best-fit parameters of each replica, $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta ^{(k)}$$\end{document}$, are not defined as the absolute minimum of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ Eq. ([2.3](#Equ3){ref-type=""}) in order to avoid overfitting, i.e. in order not to fit statistical fluctuations. Instead, a suitable cross-validation algorithm is employed \[[@CR26]\]. We thus obtain a set of best-fit PDF replicas $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta ^{(k)}$$\end{document}$, each determined as the minimum with respect to $\documentclass[12pt]{minimal}
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The second drawback is more subtle. In the NNPDF procedure, the PDF uncertainty is determined from statistics over the replica sample, so a one-sigma interval is determined by computing a standard deviation over replicas. Whether or not this corresponds exactly to a one-sigma (i.e. $\documentclass[12pt]{minimal}
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This difficulty can be overcome through the correlated replica method, as we now explain. The method relies on the concept of "correlated replica", or c-replica for short. A c-replica is a correlated set of PDF replicas, all obtained by determining the best-fit $\documentclass[12pt]{minimal}
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In summary, the correlated replica method is akin to the standard NNPDF methodology in that it starts by producing a set of replicas of the original data, but uses these to construct a set of correlated $\documentclass[12pt]{minimal}
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Hence, the correlated replica method exploits the fact that in the NNPDF approach it is sufficient to know the best-fit set of parameters for each replica, and all other information is contained in the replica sample. The price to pay for this is that the statistics of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s$$\end{document}$ fitting is inevitably more demanding than with the method of Refs. \[[@CR17], [@CR18]\] because we have now have to fit a different parabola for each c-replica. The issues arising from this will be discussed in the next section.

Implementation {#Sec4}
--------------

Building on the conceptual strategy described above, we now present the practical implementation of the correlated replica method. As already mentioned, the best-fit $\documentclass[12pt]{minimal}
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The uncertainty due to the finite size of the replica sample can be estimated by bootstrapping. To this purpose, one constructs $\documentclass[12pt]{minimal}
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It turns out that, when determining the best-fit $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta ^{(k)}(\alpha _s)$$\end{document}$ through the standard NNPDF minimization algorithm, a certain amount of fluctuation of individual values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2(\alpha _s)$$\end{document}$ about the parabolic best-fit is observed. In other words, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2$$\end{document}$ profiles as a function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s$$\end{document}$ are not very smooth. It is therefore advantageous to introduce an improvement of the algorithm, called batch minimization, which increases its accuracy at the cost of increasing the time required for fitting.

Furthermore, when using the standard NNPDF minimization, occasionally the fit fails to satisfy a number of convergence and quality criteria (see Sect. 3.3.2 of Ref. \[[@CR26]\]), in which case it is discarded. Consequently, for some c-replicas $\documentclass[12pt]{minimal}
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The idea of batch minimization is to refit a given set of data replicas more than once. In order to improve the smoothness of the $\documentclass[12pt]{minimal}
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After batch minimization, we end up with a set of c-replicas $\documentclass[12pt]{minimal}
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The strong coupling constant from NNPDF3.1 {#Sec5}
==========================================

We now present the main result of this work, namely the determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ both at NLO and NNLO using the methodology and dataset of the NNPDF3.1 global analysis \[[@CR16]\]. The only difference in the fit settings is the theoretical description of the inclusive jet production datasets at NNLO. Here we use exact NNLO theory \[[@CR33]\] for the ATLAS \[[@CR34]\] and CMS \[[@CR35]\] inclusive jet measurements at 7 TeV, and discard the other jet datasets used in NNPDF3.1 for which the NNLO calculation is not available (note that, as in NNPDF3.1, only ATLAS data in the central rapidity bin are included). To ensure a consistent comparison, the input datasets of the NLO and NNLO fits are identical, up to small differences in the kinematical cuts as explained in \[[@CR16]\].
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The uncertainty quoted in Eqs. ([3.1](#Equ14){ref-type=""}) and ([3.2](#Equ15){ref-type=""}) is that obtained using standard NNPDF methodology, namely, taking the standard deviation over the $\documentclass[12pt]{minimal}
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The 379 c-replicas selected for the NNLO determination are shown in Fig. [2](#Fig2){ref-type="fig"}. The color scale of each curve indicates the best-fit $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ when going from NLO to NNLO has been repeatedly observed before (see Table 1 of Ref. \[[@CR37]\] for an extensive set of examples), also in our previous determination \[[@CR17], [@CR18]\], while the broadening is due to the poorer quality of the NLO fit.
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Here we consider the following eight groups of processes *p*: top production, the *Z* $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$ distributions, collider and fixed target Drell--Yan, inclusive jets, and deep-inelastic scattering (DIS) either at HERA or at fixed-target experiments, in the latter case separating charged lepton and neutrino beams. The number of data points corresponding to each of these data subsets is shown in Table [1](#Tab1){ref-type="table"}. Not unexpectedly, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^{2}_p$$\end{document}$ for the various families of processes are collected in Fig. [4](#Fig4){ref-type="fig"}. The central value and uncertainty shown are respectively determined as the median and 68% symmetric confidence level interval from the corresponding partial $\documentclass[12pt]{minimal}
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Moreover, even their interpretation as pulls is only approximate. Firstly, the replica selection is applied to the total $\documentclass[12pt]{minimal}
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From this comparison, we observe that the LHC data significantly contribute to constraining $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s$$\end{document}$. In particular, it is interesting to note that the 13 data points from top-quark pair production lead to a significant contribution to the total $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2$$\end{document}$ away from the best-fit, even though the global dataset contains almost 4000 data points. Similar considerations apply to the *Z* $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$ distributions. This means that there is a small range of values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s$$\end{document}$ where these two groups of processes are consistent with the rest of the data entering the fit, thereby providing a tight constraint on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s$$\end{document}$.

Methodological uncertainties {#Sec7}
----------------------------

In view of the rather small experimental uncertainty on the final value of $\documentclass[12pt]{minimal}
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Reassuringly, we find extreme stability with respect to these transformations of the fitting argument.
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In summary, we conservatively estimate methodological uncertainties by adding in quadrature the finite-size uncertainty $\documentclass[12pt]{minimal}
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Theoretical uncertainties from missing higher orders {#Sec8}
----------------------------------------------------
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In the present case, a first handle on the MHOU associated to $\documentclass[12pt]{minimal}
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In our previous determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s(M_Z)$$\end{document}$. The rather large difference in the MHOU estimate between NLO and NNLO stems from the fact that there is a significant shift when going from LO to NLO, but a much smaller one when going from NLO to NNLO.

The NLO estimate of the MHOUs in Eq. ([3.9](#Equ22){ref-type=""}) is reassuringly in good agreement with the observed shift Eq. ([3.8](#Equ21){ref-type=""}). The NNLO uncertainty Eq. ([3.10](#Equ23){ref-type=""}) is also consistent with expectations based on the CH uncertainty estimate of Ref. \[[@CR18]\], where the value of $\documentclass[12pt]{minimal}
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In addition, the shift between NLO and NNLO PDFs is found to be smaller in NNPDF3.1 than in previous NNPDF sets \[[@CR45]\], presumably because MHO terms pull in different directions and thus partly cancel each other to a greater extent in a more global fit. Indeed, we find a similar increase of perturbative stability of PDFs and of the associated $\documentclass[12pt]{minimal}
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Nevertheless, the very small value of the MHOU at NNLO, Eq. ([3.10](#Equ23){ref-type=""}), even smaller than the already small experimental uncertainty Eq. ([3.1](#Equ14){ref-type=""}), may seem rather too optimistic. There are furthermore several reasons of principle and practice why the reliability of the CH method in the present case is dubious. The main one is that the implementation of the method suggested in Ref. \[[@CR18]\] relies on a guess for an underlying "true" value $\documentclass[12pt]{minimal}
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We therefore prefer to adopt a more conservative estimate. Namely, we assume that the MHOU on the NNLO result is half the difference between the NLO and NNLO results Eq. ([3.8](#Equ21){ref-type=""}):$$\documentclass[12pt]{minimal}
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On top of the missing higher fixed-order QCD corrections, several other aspects of the theory used in the simultaneous determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ and PDFs also lead to uncertainties. These include the values of the heavy quark masses, standard model parameters (specifically CKM matrix elements and electroweak couplings), electroweak corrections, QCD resummation corrections \[[@CR47], [@CR48]\], QCD power corrections, and nuclear corrections. Many of these uncertainties were assessed in the NNPDF3.1 PDF determination that we are relying upon \[[@CR16]\], and found to be smaller than PDF uncertainties. In particular, the dependence on the charm mass in previous PDF determinations is substantially reduced in NNPDF3.1 and likely rather smaller than the MHOU, thanks to the presence of an independently parametrized charm PDF \[[@CR49]\], and electroweak corrections are carefully kept under control thanks to the choice of suitable kinematic cuts. But PDF uncertainties mix with the experimental uncertainty on $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$, with which they are strongly correlated, and are in fact indistinguishable from it, as discussed in Sect. [2.1](#Sec3){ref-type="sec"}, so the hierarchy of uncertainties on PDFs and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ is the same. We conclude that we have evidence that most of these theoretical uncertainties are sub-dominant in comparison to the experimental uncertainty Eq. ([3.1](#Equ14){ref-type=""}), and thus even more so in comparison to the MHOU Eq. ([3.11](#Equ24){ref-type=""}).

Final results and comparisons {#Sec9}
-----------------------------

We can now collect results. Combining the NNLO value and experimental uncertainty Eq. ([3.1](#Equ14){ref-type=""}), the methodological uncertainty Eq. ([3.7](#Equ20){ref-type=""}) and the theoretical uncertainty Eq. ([3.11](#Equ24){ref-type=""}) we get$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \alpha _s^\text {NNLO}(m_Z)= & {} 0.1185 \pm 0.0005^\mathrm{exp}\pm 0.0001^\mathrm{meth}\pm 0.0011^\mathrm{th}\nonumber \\= & {} 0.1185 \pm 0.0012~(1\%), \end{aligned}$$\end{document}$$ where in the last step we have added all uncertainties in quadrature. For a comparison to other determinations, such as the PDG average, we recommend using only the experimental uncertainty (the methodological uncertainty being negligible), which reflects the limitations of our result and procedure, but not the limitation due to the fact that our result is obtained at NNLO. For precision phenomenology, however, we recommend use of the total uncertainty in order to conservatively account for the MHOU.

This result can be compared to the previous one \[[@CR18]\] based on NNPDF2.1, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s^\text {NNLO}(m_Z) = 0.1173 \pm 0.0007^\text {exp}\pm 0.0009^\text {th}$$\end{document}$. In comparison to this older result, the central value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s(m_Z)$$\end{document}$ has increased by $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \alpha _s=+0.0012$$\end{document}$ . As far as uncertainties are concerned, both the theoretical and experimental uncertainties on this previous result are larger, if one compares like with like. The experimental uncertainty should actually be compared to Eq. ([3.3](#Equ16){ref-type=""}) as it was obtained with the same method. The uncertainty is somewhat underestimated because it neglects the correlation between PDFs and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$, while the theory uncertainty should be compared to Eq. ([3.10](#Equ23){ref-type=""}) which is also based on the CH method.

We conclude that, in comparison to Ref. \[[@CR18]\], the current result is more precise, though with more conservatively estimated uncertainties.

In Fig. [8](#Fig8){ref-type="fig"} we compare the NNLO result of Eq. ([3.12](#Equ25){ref-type=""}) to our previous result \[[@CR18]\], to the current PDG average \[[@CR3]\], and to two recent determinations obtained from simultaneous fit of PDFs and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$, ABMP16 \[[@CR43]\] and MMHT2014 \[[@CR42]\]. We find good agreement with the PDG average as well as with the MMHT14 and NNPDF2.1 determinations. It has been suggested \[[@CR50], [@CR51]\] that the lower ABMP16 value can be partly explained by the use of a fixed-flavour number scheme with $\documentclass[12pt]{minimal}
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                \begin{document}$$N_f=3$$\end{document}$ for the treatment of DIS data. It is interesting to observe that the current AMBP16 value is higher than previous values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ obtained by the same group \[[@CR52]\], from which the ABMP16 analysis in particular differs because of inclusion in Ref. \[[@CR43]\] of LHC top production and *W* and *Z* production data (described with $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ determination from the NNPDF3.1 fit is higher than any other recent determination from PDF fits. Inspection of Figs. [4](#Fig4){ref-type="fig"} and [6](#Fig6){ref-type="fig"} strongly suggests that this increase is driven by the high-precision LHC data, especially for gauge boson production (including the *Z* $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$ distribution) but also for top and jet production.Fig. 8Comparison of the present NNLO determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$, Eq. ([3.12](#Equ25){ref-type=""}), with the PDG average and with the previous ABMP16, MMHT14, and NNPDF2.1 results. For the NNPDF values, the inner (darker) error bar correspond to experimental uncertainties, while the outer (lighter) one indicates the sum in quadrature of experimental and theoretical uncertainties

Summary and outlook {#Sec10}
===================

In this work we have presented a new determination of the strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ jointly with a global determination of PDFs which, by relying on NNPDF3.1, for the first time includes a large amount of LHC data using exact NNLO theory in all cases. In comparison to a previous determination based on NNPDF2.1, our results exploit the new correlated replica method that is equivalent to the simultaneous fit of PDFs and $\documentclass[12pt]{minimal}
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We find that the determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ is considerably stabilized by the use of a wide set of different processes and data, and we provide evidence that a global simultaneous determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ and PDFs leads to a more stable and accurate result than the one obtained from subsets of data. We thus obtain a value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ which is likely to be more precise and more accurate than previous results based on similar techniques. We find that the LHC data consistently lead to an increase in the central value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$, and observe good overall consistency between the datasets entering the global fit. Our NNLO determination turns out to be in agreement within uncertainties with previous results from global fits and with the PDG average.

The main limitation of our result comes from the lack of a reliable method to estimate the uncertainties related to missing higher order perturbative corrections. Theoretical progress in this direction is needed, and perhaps expected, and would be a major source of future improvement. For the time being, even with a very conservative estimate of the theoretical uncertainty, our result provides one of the most accurate determinations of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s\left( m_Z \right) $$\end{document}$ available, and thus provides valuable input for precision tests of the Standard Model and for searches for new physics beyond it.
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